Bacteria belonging to the genus Rhizobium induce nodules on the roots of leguminous plants where they supply the host plants with ammonium through reduction of atmospheric nitrogen. Genes required for nodulation and nitrogen fixation in the nodules, such as nod, nif, and fix genes, form clusters on a plasmid in Rhizobium and Sinorhizobium, and on a chromosome in Mesorhizobium and Bradyrhizobium. The former was termed a symbiotic plasmid (pSym) and the latter was termed a symbiosis island. Both pSym and the symbiosis island have been transferred successfully between bacterial species. For example, Kinkle and Schmidt (1991) transferred the pSym pJB5JI of Sinorhizobium fredii USDA201 into Rhizobium leguminosa- J. Gen. Appl. Microbiol., 54, 107 118 (2008) The symbiotic plasmid (pSym) of Rhizobium leguminosarum bv. trifolii 4S5, which carries Tn5-mob, was successfully transferred into Agrobacterium tumefaciens A136 by using a conjugation method. The resulting transconjugants induced the development of ineffective nitrogen-fixing nodules on the roots of white clover seedlings. Depending on the manner in which the pSym was retained, the transconjugants were divided into two groups of strains, Afp and Afcs. pSym was retained as a plasmid in the Afp strains but was integrated into the int gene encoding a phagerelated integrase on the linear chromosome of A. tumefaciens A136 in strain Afcs1 (one of the Afcs strains) to form a symbiosis island. Conjugation was performed between strain Afcs1 and R. leguminosarum bv. trifolii H1 (a pSym-cured derivative of wild-type strain 4S), and the Rhizobium H1tr strains were screened as transconjugants. Eighteen of the H1tr strains induced effective nitrogen-fixing nodules on the roots of the host plants. pSym was transferred into all of the transconjugants, except for strain H1tr1, at the same size as pSym of strain 4S5. In strain H1tr1, pSym was integrated into the chromosome as a symbiosis island. These data suggest that pSym can exist among Rhizobium and Agrobacterium strains both as a plasmid and as a symbiosis island with transposon mediation. 
rum 6015 in natural soil. In addition, other investigators have demonstrated that the pSym of Rhizobium leguminosarum bv. trifolii ICMP2163 is self-transmissible (Rao et al., 1994) and that the pSym of Rhizobium etli CFN42 can transform into a transmissible plasmid by cointegration with another self-transmissible plasmid when mediated by site-specific recombination (Brom et al., 2004) .
Mesorhizobium loti MAFF303099 (Kaneko et al., 2000) , M. loti R7A (Sullivan and Ronson, 1998) , and Bradyrhizobium japonicum USDA110 (Kaneko et al., 2002) all carry a symbiosis island on their chromosomes. In M. loti ICMP3153, the symbiosis island is large and is transmissible to nonsymbiotic rhizobia under environmental conditions (Sullivan et al., 1995) . The sequence of every symbiosis island is integrated into the chromosome of each bacterial strain with the tRNA gene as a target. For example, the excision and transfer of the symbiosis island of M. loti R7A requires the action of an integrase (IntS) (Ramsay et al., 2006) .
The process of integrating and excising a DNA fragment from a target tRNA gene is well understood in lysogenic phages. In two previous studies of the lysogenic phage φU and its host bacterium R. l. bv. trifolii 4S (Uchiumi et al., 1995 , we demonstrated how a component of the tRNA gene and an integrase gene on the phage genome together mediate the site-specific recombination between the phage genome and the chromosome of its bacterial host. We constructed an artificial plasmid, pCINod1, carrying nod genes of strain 4S and attachment site (attP) of a phage φU. When pCINod1 was transferred into strain H1 (a pSymcured derivative of strain 4S), the plasmid was integrated into the H1 chromosome in the same manner in which phage φU was integrated into the 4S chromosome. Upon integration of the plasmid, strain H1 recovered its nodule-formation ability, suggesting that the tRNA gene and the integrase could be involved in the integration of a symbiosis island.
Other experimental evidence supports the transfer of nodulation and nitrogen-fixation genes to bacteria that have phylogenetically different genomes. Bacteria belonging to the genus Methylobacterium were isolated by Sy et al. (2001) from the nodules of Crotalaria. These investigators proposed the scientific name Methylobacterium nodulant, which describes the encoding of methanol dehydrogenase by the mxaF, and nodA (Sy et al., 2001) . In their phylogenic analysis of NodA in M. nodulant ORS2060, they also found it to have a close relationship to Bradyrhizobium and that M. nodulant ORS2060 can induce the growth of indeterminate nitrogen-fixing nodules on the roots of Crotalaria podocarpa and C. perrottetii.
Additional studies have shown that Devosia riboflavina, which is isolated from the root nodules of Neptunia natans, carries a plasmid that contains nod and nif genes that are closely related to those of Rhizobium tropici (Rivas et al., 2002) . The nod and nif genes have also been found in the nodule-forming bacteria belonging to the β-subclass of Proteobacteria (β-proteobacteria) Moulin et al., 2001) . Chen et al. (2003) showed that the nod genes of these β-proteobacteria originated from α-proteobacteria, even though their nifH genes originated from β-proteobacteria. This finding suggests that diazotrophic β-proteobacteria acquired their symbiotic ability by receiving nod genes from α-proteobacteria. It is not yet known, however, how β-proteobacteria acquired the symbiotic genes and continue to retain them in their genomes.
R. l. bv. trifolii 4S5, a derivative of wild-type strain 4S, carries the symbiotic plasmid pRt4Sa::Tn5-mob. Abe et al. (1998) have successfully transferred pRt4Sa:: Tn5-mob from strain 4S5 into Agrobacterium tumefaciens A136. The resulting Agrobacterium transconjugants induced the development of ineffective nodules on the roots of white clover and of alfalfa .
Herein, we show how pRt4Sa::Tn5-mob is integrated into the linear chromosome of Agrobacterium through the action of the Tn5 (IS50) transposon. We also demonstrate how the integrated pRt4Sa::Tn5-mob can be transferred from Agrobacterium into pSym-cured R. l. bv. trifolii H1 such that it is reintegrated into the Rhizobium chromosome. Based on our findings, we suggest that an insertion sequence or a transposon mediates the excision and integration of a symbiotic element, as in the tRNA-integrase system, in these bacterial species.
Materials and Methods
Bacterial strains and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . R. l. bv. trifolii strains were grown on YM medium (Keele et al., 1969) at 28 C. Escherichia coli and A. tumefaciens were grown on LB medium (Sambrook et al., 1989) at 37 C and 28 C, respectively. Antibiotics were added at the following concentrations: nalidixic acid, 25 μg/ml for the Rhizobium transconjugants; rifampicin, 50 μg/ml for the Agrobacterium strains; kanamycin, 50 μg/ml for all bacterial strains; and tetracycline and ampicillin, 10 μg/ml and 50 μg/ml, respectively, for E. coli when required. For purification and mating of the plasmids, Agrobacterium and Rhizobium were grown in TY liquid medium (Beringer, 1974) at 28 C for 16 h and 20 h, respectively. E. coli MM294 was grown in LB liquid medium at 37 C for 16 h.
Conjugation and plasmid profiles of transconjugants. The experimental procedure is schematized in Fig. 1 . Conjugation was performed among A. tumefaciens and R. l. bv. trifolii and with E. coli MM294 (Figurski and Helinski, 1979) as a helper. Overnight cultures of helper (100 μl), recipient (200 μl), and donor (200 μl) bacteria were harvested by centrifugation at 10,000 Abe et al. (1998) Hac, root hair curling; Inf, infection thread formation; Nod, nodulation; Fix, nitrogen fixation, Onc, oncogeny; Km, kanamycin; Rif, rifampicin; Tc, tetracycline; Nal, nalidixic acid. Agrobacterium transconjugant Afp and Afcs strains were generated by the first conjugation procedure, and the Rhizobium transconjugant H1tr strains were generated by the second. Km, kanamycin; Rif, rifampicin; Nal, nalidixic acid.
Vol. 54 NAKATSUKASA et al. rpm for 1 min and washed twice with sterilized water. The mixture of bacterial cells was suspended in 200 μl of sterilized water; 50 μl of the suspension was placed on a sterile membrane filter (pore size 0.45 μm; Millipore, Bedford, MA, USA) and incubated overnight at 28 C. After incubation, the cells were released from the membrane filter by vigorous shaking and grown in 1 ml of LB liquid medium (Agrobacterium transconjugants) or on YM medium (Rhizobium transconjugants) supplemented with appropriate antibiotics and were incubated for 5 days at 28 C. White clover (Trifolium repens L. cv. Ladino) seedlings were inoculated with the proliferated cells. After 5 weeks of inoculation, bacteria were isolated as described previously from the nodules that had formed on the roots (Uchiumi et al., 1995) , and were screened on selective medium that was supplemented with appropriate antibiotics. Plasmid transfer frequency in conjugation was calculated by dividing the number of transconjugants by the number of recipient cells. To count the number of transconjugants and recipient cells, dilution of the conjugation was plated on LB medium supplemented with appropriate antibiotics to select for transconjugants or recipient cells.
The total DNAs of the Agrobacterium and Rhizobium transconjugants were isolated according to the method of Casse et al. (1979) . The profiles of the plasmids were visualized by electrophoresis on a 0.7 agarose gel. The transconjugants were confirmed by random amplified polymorphic DNA genotyping as described previously .
Preparation of probes for Southern hybridization. The probes for Southern hybridization were prepared by using the polymerase chain reaction (PCR). The PCR products were cloned into pCR 2.1 (Invitrogen, Carlsbad, CA, USA). The DNA fragment that contained the nodBADF region of pRt4Sa in R. l. bv. trifolii was amplified by using the primers 5 -TCAACGATACAATC GACTCCG-3 and 5 -TACGATTCTCAAGCGCCGCT C-3 with pC4S8 as a template. Portions of the SnaBI or the XbaI fragment of the linear chromosome of A. tumefaciens strains A136, S5, X15, X16-17, and S5-2 were amplified by using the following primers: 5 -CGAGCTAGTGAAGCTCTTCA-3 and 5 -GACAAGGCCAAGGCTAGATT-3 for probe S5; 5 -GCTTTGATCGAGGGTCTGAA-3 and 5 -CTGCTTGCC TGCACGATTTT-3 for probe X15; 5 -GGCATCTGCAC GATGGAATA-3 and 5 -GATCAGTTCGGCCCATTTC T-3 for probe X16-17; 5 -GTCGCATCTCGTCTCATAC A-3 and 5 -GGCATACGTCCAAAACGGTT-3 for probe S5-2.
Southern hybridizations. The DNA probes were labeled with [α-32 P]dCTP by using the Megaprime DNA Labelling System according to the manufacturer s instructions (GE Healthcare UK, Ltd., Buckinghamshire, UK). The plasmids and DNA fragments were separated, respectively, by agarose gel electrophoresis and by pulsed-field gel electrophoresis (PFGE), and were transferred onto a nylon membrane (Immobilon-Ny+; Millipore, Billerica, MA, USA). Hybridization was carried out in a mixture of 5 SSC (1× SSC contains 0.15 M NaCl and 0.015 M sodium citrate), 10× Denhardt s solution (0.1 Ficoll, 0.1 polyvinyl pyrrolidone, 0.1 bovine serum albumin), 0.2 bovine serum albumin, 50 formamide, 0.5 sodium dodecyl sulfate, and 50 μg/ml of salmon sperm DNA at 45 C, and the membrane was washed in a 0.1× SSC solution containing 0.1 SDS at 65 C.
Construction and screening of the genomic library of Agrobacterium transconjugant Afcs1. The genomic library of Agrobacterium transconjugant Afcs1 was constructed by using a Lambda FIX II/XhoI partial fillin vector kit and the Gigapack ® III Gold-4 packaging extract according to the manufacturer s instructions (Stratagene, La Jolla, CA, USA). To identify the phage clone that contained the right and left junctions between the transferred pSym and the Agrobacterium chromosome, two-step plaque hybridization was performed by using the S5-2 fragment as a probe. For the first screening, the plaque lysate of the Afcs1 genome library was plated onto LB medium, and was grown overnight at 37 C. The plaques were then transferred onto a nylon membrane (Immobilon-Ny+; Millipore, Billerica, MA, USA), and subjected to Southern hybridization. For the second screening, the phage lysate that was hybridized with the probe was replated to identify single clones and was then screened under the same conditions. Because the phage clones contained clones that carried either the right or the left junction, we needed to determine which junction was present in the insert of each of the phage clones. For this reason, we performed long and accurate PCR by using a universal oligonucleotide primer (T3 or T7), S5-2F for the left junction or S5-2R for the right junction, and TaKaRa LA Taq (TaKaRa, Ohtsu, Japan) to obtain the PCR products. The PCR cycles were carried out as follows: 5 min at 94 C for the first denaturation; 20 s at 94 C, 30 s at 53 C, and 8 min at 68 C for 30 cycles; and 10 min at 68 C for the final extension. This process yielded phage clones that contained either the left or the right junction. The amplified fragments were cloned into pCR 2.1 and were then subcloned for sequence analysis.
DNA sequencing and analysis. All DNA sequences were determined by using version 3.1 of the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer s instructions and ABI Prism 310 and ABI PRISM 3100 genetic analyzers (Applied Biosystems). The DNA and amino acid sequences were analyzed by using the FASTA (Lipman and Pearson., 1985; Pearson and Lipman, 1988 ) and NCBI BLAST (Altschul et al., 1997) programs.
Pulsed-field gel electrophoresis. Agarose plugs containing Agrobacterium and Rhizobium DNAs were prepared for PFGE by following the technique of Rice et al. (1999) with several modifications as described below.
The Rhizobium and Agrobacterium strains were grown in TY liquid medium with continuous shaking until a stationary growth phase was reached. Fifty microliters of each bacterial culture was boiled for 30 s (for Rhizobium strains) or 15 s (for Agrobacterium strains) and was then immediately cooled on ice. After washing in sterile distilled water, the cell pellet was harvested by centrifugation and was suspended in 100 μl EET buffer [100 mM EDTA, 10 mM EGTA in 10 mM Tris-HCl (pH 8.0)], and then mixed with an equal volume of 1.6 chromosomal grade agarose (BioRad Laboratories, Hercules, CA, USA) that had been melted in EET buffer at 65 C. The mixture was poured into plug molds (Bio-Rad Laboratories). Once they had solidified, the agarose plugs were each placed into a sterile 50-ml centrifuge tube containing 1 ml of EET-LS buffer (1 ml of EET buffer containing 200 μg/ml lysozyme and 0.05 N-lauroylsarcosine sodium salt) and were incubated for 3 h at 37 C. The buffer was removed, and the plugs were incubated in EET-SP buffer [1 ml of EET buffer containing 1 mg/ml proteinase K and 1.0 (w/v) sodium lauryl sarcosine] overnight at 50 C. Subsequently, the plugs were incubated another four times in 40 ml TE (pH 8.0) for 30 min and then stored in sterilized TE buffer at 4 C. Before being digested with restriction enzyme, each plug was placed in 500 μl of the appropriate restriction enzyme buffer and incubated for 20 min at room temperature.
Digestion was carried out overnight with 50 U each of PacI, SnaBI, and XbaI at 37 C and 50 U of SwaI at 25 C. The Agrobacterium genome was digested separately with PacI, SwaI, XbaI, and SnaBI. The Rhizobium genome was digested separately with PacI and SwaI.
PFGE was performed by using the CHEF Mapper electrophoresis system (Bio-Rad Laboratories). DNA digests were separated in 1 pulsed field certified agarose (Bio-Rad Laboratories) in 0.5 TBE buffer at 12 C. The conditions for electrophoresis were as follows: 6 V/cm for 20 h with 20 to 120 s of pulse time for the SwaI and PacI digests, and 5.5 V/cm for 18 h with 0.1 to 20 s of pulse time for the SnaBI or XbaI digests. The Saccharomyces cerevisiae standard (Bio-Rad Laboratories) was used as a size marker for the SwaI and PacI digests, and the MidRange II OFG Markers (BioLabs, Inc., Ipswich, MA, USA) were used for the SnaBI and XbaI digests.
Nodulation test. Surface-sterilized seeds of white clover were germinated on 0.7 agarose. The seedlings were transferred to 0.7
Fåhraeus medium (Fåhraeus, 1957) and were then inoculated with 100 μl of bacterial suspension (10 7 10 8 cells/ml) at 24 C for a 14-h photoperiod. The nitrogen-fixation ability of the nodules that developed was estimated by measuring acetylene-reduction activity as described previously (Hardy et al., 1968) .
Results and Discussion
Conjugative transfer of pSym from Rhizobium to Agrobacterium To transfer pRt4Sa::Tn5-mob into pTi-cured Agrobacterium, we performed triparental mating by using R. l. bv. trifolii 4S5 as a donor, A. tumefaciens A136 as a recipient, and E. coli MM294 (pRK2013) as a helper (Fig. 1, first conjugation) . The resulting Agrobacterium transconjugants were named Af. Transfer of pRt4Sa:: Tn5-mob from Rhizobium to Agrobacterium occurred at a frequency of approximately 1.6 10 7 events/recipient cells. Characteristically, these strains could not grow on YM medium that contained nalidixic acid. The Af strains could be divided into two groups, Afp and Afcs, depending on whether pRt4Sa::Tn5-mob could be detected in their total DNA. Afp1 and Afcs1 were used for additional experiments as being representative of each group of strains. Whereas pRt4Sa::Tn5-mob was detectable as a plasmid in the total DNAs of strain Afp1 on an agarose gel, it could not be detected in strain Afcs1 under the same experimental conditions ( Fig. 2A) . Moreover, in strain Afp1, the nodBADF probe hybridized with pRt4Sa::Tn5-mob and with fragmented genomic DNA (Fig. 2B) . The signal detected on the fragmented DNA was likely to be derived from the pRt4Sa::Tn5-mob. In strain Afcs1, however, the nodBADF probe hybridized only with the fragmented genomic DNA (Fig. 2B) . These results suggest that pRt4Sa::Tn5-mob does not exist in a plasmid form and integrates with the genome of Agrobacterium transconjugant Afcs1. Both Afp1 and Afcs1 induced the development of ineffective pale nodules on the roots of white clover (Fig. 2 C and D) , although strain 4S5 induced effective nodules (Fig. 2E) . To estimate the proportion of the Afcs strains in Agrobacterium transconjugants, forms of pRt4Sa::Tn5-mob were investigated in an additional 36 transconjugants. Strain-retaining pRt4Sa::Tn5-mob on the chromosome was not detected in any of the transconjugants tested, suggesting that integration of the plasmid DNA into a chromosome is a relatively rare event.
pRt4Sa was integrated into the linear chromosome of Agrobacterium transconjugant Afcs1
Definitive evidence of the integration of pRt4Sa:: Tn5-mob into the genome of strain Afcs1 was shown by PFGE of SwaI-and PacI-digested genomic DNA. Based on information derived from the A. tumefaciens C58 genome (Goodner et al., 2001; Wood et al., 2001 ), we were able to predict the locations of the restriction sites on the A136 genome and were able to confirm the integration of pRt4Sa::Tn5-mob into the Agrobacterium genome by comparing the SwaI and PacI restriction patterns of Agrobacterium strains A136, Afp1, and Afcs1 (Fig. 3) .
In the comparisons of the PacI digests, Afcs1 was found to lack the 980-kb PacI fragment, although a specific fragment was detected near the 1,338-kb fragment (Fig. 3) . In the SwaI digests of strain Afcs1, the 779-kb SwaI fragment was not detected, although two specific fragments one 612 kb and the other 534 kb in length were detected (Fig. 3) . Because the 980-kb PacI and the 779-kb SwaI fragments overlapped at a position between base pairs 706,712 to 1,330,851 in the linear chromosome of A. tumefaciens C58 (Fig.  4F) , we expected that pRt4Sa::Tn5-mob would be integrated into the linear chromosome of Agrobacterium. SwaI-digestion fragment patterns in strains A136 and Afp1 were the same except that a fragment ( 325-kb) derived from pRt4Sa::Tn5-mob was obtained in Afp1, indicating that strain Afp1 retains pRt4Sa::Tn5-mob as a plasmid (Fig. 3) .
pRt4Sa::Tn5-mob was integrated into an integrase gene located on the linear Agrobacterium chromosome
Previous studies have demonstrated the utility of tRNA genes as integration sites for genomic DNA (Buchrieser et al., 1998; Hochhut et al., 1997; Kaneko et al., 2000 Kaneko et al., , 2002 . However, Southern hybridization probed by 12 tRNA genes showed bands of the same size in both the Afcs1 and A136 strains (data not shown), indicating that the tRNA genes on the linear chromosome were not the target for integration of pRt4Sa::Tn5-mob. When we used several portions of the SnaBI fragment (S5, X15, and X16-17 in Fig. 4F ) as probes, they hybridized to specific fragments on the SnaBI digests of strain Afcs1, as shown in Fig. 4 (B D) . Furthermore, hybridization specifically with probe S5-2, which contained the int gene encoding a phage-related integrase, clearly showed that pRt4Sa::Tn5-mob was inserted into the int gene (Fig. 4E) .
Sequence analysis of the left and right junctions
The physical map in Fig. 5 shows the integration of pRt4Sa::Tn5-mob into the linear chromosome of Agrobacterium. The 406-bp int gene that was positioned on the Agrobacterium chromosome between base pairs 926,945 and 927,350 was present at the left junction, whereas the 794-bp int gene positioned between base pairs 927,342 and 928,135 was present at the right junction. A comparative analysis of the left and right junctions showed that there was a duplication of nine nucleotides on the targeted int gene. This structure is characteristic of the terminal-flanking insertion sequence IS50 and of transposon Tn5. In the right junction, the entire Tn5-mob was inserted into the pRt4Sa that lies adjacent to the divided int gene (Fig. 5) . In the left junction, the IS50R sequence also lies adjacent to the other portion of the int gene. In short, the integrated pRt4Sa::Tn5-mob was flanked with the IS50R sequences in the same orientation and nine nucleotides were at both junctions. Because nine base pairs of the int gene were duplicated at both junctions, we conclude that this formation was generated by the IS50R-mediated pathway. In another Afcs strain, Afcs2, PCR targeted at the int gene revealed that the locus remained intact (data not shown), indicating that the in-tegration target of pRt4Sa::Tn5-mob was not the int gene. This result suggest that pRt4Sa::Tn5-mob was not integrated specifically into the int gene. IS50R is known to promote stable cointegration between its host DNA and the target DNA (Isberg and Syvanen, 1981) . In fact, pRt4Sa::Tn5-mob has been retained in the linear chromosome of strain Afcs1 for generations.
In addition, downstream of IS50R in the left junction is a portion of pSUP5011 (Simon, 1984) that has been used as a Tn5-mob donor to generate pRt4Sa:: Tn5-mob . We presume that these sequences were incorporated into pRt4Sa during manipulation of transferring of Tn5-mob into pRt4Sa. We found two open reading frames of 51 amino acids and 162 amino acids (the initiation codon beyond the sequenced region) upstream of the IS50L of the Tn5-mob in the right junction. These ORFs were homologous to the sequences of the ABC transporter permease protein and to the ABC transporter substrate-binding protein of Bradyrhizobium japonicum USDA110 (Fig. 5) , and were not included in Tn5-mob or pSUP5011, suggesting that these were at the right end of pRt4Sa.
Back-conjugation between Agrobacterium Afcs1 and Rhizobium H1
To confirm whether the integrated pRt4Sa::Tn5-mob could be transmitted, we mated Agrobacterium transconjugant Afcs1 (donor) and R. l. bv. trifolli H1 (recipient), which is a pRt4Sa-cured derivative of wild-type strain 4S (Fig. 1, second conjugation) . We confirmed the formation of Rhizobium transconjugants by random amplified polymorphic DNA genotyping and named them H1tr. These strains were able to induce the development of effective nodules on the roots of white clover (Fig. 6 A and B) . The acetylene-reduction activity of these nodules was similar to that of nodules induced by R. l. bv. trifolli 4S5. These results demonstrate that strain Afcs1 retains transmissible and functional pRt4Sa on its chromosome, even though the nodules it induced did not fix nitrogen.
To confirm the transfer of pRt4Sa::Tn5-mob, total DNAs were prepared from 18 randomly selected H1tr strains and were subjected to Southern hybridization with the nodBADF region of strain 4S used as a probe. We did not detect the transferred pRt4Sa::Tn5-mob as a plasmid in the total DNA of a Rhizobium transconjugant strain H1tr1 in agarose gel (Fig. 6D ), but we found that the nod gene probe hybridized with fragmented total DNA (Fig. 6E ) in the same manner as strain Afcs1. Moreover, we obtained a strain-specific pattern in the Southern hybridization of the PacI and SwaI digests of H1tr1 genomic DNA when the nod probe was used (Fig. 7) , suggesting that strain H1tr1 also retained the transferred pRt4Sa::Tn5-mob on its chromosome in the same manner as strain Afcs1. In contrast, the transferred pRt4Sa::Tn5-mob was retained as a plasmid in other 17 Rhizobium transconjugant H1tr strains in the same manner as in strain 4S5 (Fig. 6 D and E) . Altogether, these results suggest that the integrated pRt4Sa::Tn5-mob was completely transferred as a transposable element from the Agrobacterium linear chromosome to Rhizobium.
Although further investigation will be required, we predict that the plasmid form of pRt4Sa::Tn5-mob in the Rhizobium transconjugant H1tr strains would contain the joint fragment generated by homologous recombination between the IS50s on both ends of the linear form of pRt4Sa::Tn5-mob (Fig. 5) . This prediction is supported by a previous report by Mavingui et al. (1998) that a 60-kb region that contains symbiotic genes flanked by ISRtr1 in the same orientation on the pSym of Rhizobium tropici CFN299 has an amplifiable DNA region (i.e. amplicon) named AMPRtrCFN299pc60. This amplicon was able to form closed circular structures by means of homologous recombination between the ISRtr1s located at both ends of the region excised from pSym. Romero et al. (1991) also identified an amplicon in the pSym of R. etli, which was a 120-kb region flanked by reiterated nifHDK operons and which could be excised from pSym by recombination in the same manner as AMPRtrCFN299pc60.
In contrast, some insertion elements are able to form head-to-tail dimers. This structure, which has been identified in IS21 (Reimmann and Haas, 1987) , IS30 (Olasz et al., 1993) , and IS186 (Szeverényi et al., 2003) , is composed of tandem insertion elements that are separated by a short spacer region. In E. coli, IS30 has been investigated to explain the deletion and inversion of this element and its cointegration and simple insertion.
Insertion elements and direct repeated sequences have been found in different bacterial genomes, including those of rhizobia, by genome analysis (Galibert et al., 2001; Kaneko et al., 2000 Kaneko et al., , 2002 Wood et al., 2001 ). These elements have also been found in symbiotic plasmids and in symbiosis islands. In particular, the 125-kb region that contains most of the symbiotic genes located on R. etli CFN42 p42d, is flanked by complete insertion elements (González et al., 2003) . Additionally, insertion sequences are distributed especially close to symbiotic genes in Sinorhizobium meliloti pSymA (Galibert et al., 2001 ) and in the Mesorhizobium loti MAFF303099 symbiosis island (Uchiumi et al., 2004) . This means that the symbiotic genes conserve a capability for transfer to several microorganisms mediated by means of insertion elements or inverted repeats.
In summary, we transferred pRt4Sa::Tn5-mob into Agrobacterium and obtained Agrobacterium transconjugants (Fig. 1) . One of the transconjugants, Afcs1, retained the transferred pRt4Sa::Tn5-mob on its linear chromosome, which was mediated in a manner characteristic of IS50 (Fig. 2 A and B, Figs. 3 to 5) . All the Rhizobium transconjugants that resulted from further conjugation between strains Afcs1 and H1 (a pSymcured R. l. bv. trifolii) induced effective nodules (Fig. 6  A and B) , but none of the Agrobacterium transconjugants could induce the development of ineffective nodules (Fig. 2 C and D) . Additionally, in Rhizobium transconjugant H1tr1, the transferred pRt4Sa::Tn5-mob was reintegrated into its chromosome (Fig. 7) . Overall, our data suggest that a ubiquitous transposon mediates the integration of pSym into the bacterial chromosome. The transfer of pSym by means of conjugation and the integration of pSym by means of a transposable element will contribute to the generation of a diversity of symbiotic bacteria.
